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Abstract: Commercially and traditionally managed bees were compared for oxidative stress
(superoxide dismutase (SOD), catalase (CAT), glutathione S-transferase (GST) and malondialdehyde
(MDA)), the prevalence of parasites (Lotmaria passim, Crithidia mellificae and Nosema ceranae/apis)
and social immunity (glucose oxidase gene expression). The research was conducted on Pester
plateau (Serbia—the Balkan Peninsula), on seemingly healthy colonies. Significant differences in
CAT, GST and SOD activities (p < 0.01), and MDA concentrations (p < 0.002) were detected between
commercial and traditional colonies. In the former, the prevalence of both L. passim and N. ceranae
was significantly (p < 0.05 and p < 0.01, respectively) higher. For the first time, L. passim was detected
in honey bee brood. In commercial colonies, the prevalence of L. passim was significantly (p < 0.01)
lower in brood than in adult bees, whilst in traditionally kept colonies the prevalence in adult bees
and brood did not differ significantly. In commercially kept colonies, the GOX gene expression level
was significantly (p < 0.01) higher, which probably results from their increased need to strengthen
their social immunity. Commercially kept colonies were under higher oxidative stress, had higher
parasite burdens and higher GOX gene transcript levels. It may be assumed that anthropogenic
influence contributed to these differences, but further investigations are necessary to confirm that.
Keywords: Apis mellifera; Lotmaria passim; Nosema ceranae; commercial beekeeping; traditional beekeeping
1. Introduction
It has recently been shown that commercially kept Apis mellifera Linnaeus, 1758 colonies in standard
hives are more burdened both with bee brood pathogens (Paenibacillus larvae, Melissococcus plutonius,
Ascosphaera apis and sacbrood virus—SBV) and adult bee pathogens (deformed wing virus—DWV,
chronic bee paralysis virus—CBPV and acute bee paralysis virus—ABPV) than their counterparts kept
traditionally in so-called trmka hives [1]. There was other research on health status and pathogen
loads of feral vs. commercial (managed) colonies [2–5] but the results are not consistent.
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It is considered that the primary response of bees to infection is the production of reactive oxygen
species (ROS), which are produced in physiological processes and take part in defence against infective
agents. Unfortunately, ROS are incapable of distinguishing between the hosts’ and the pathogens’
macromolecules [6]. However, in cases of hyperproduction of ROS or decreased antioxidative defence,
a condition known as oxidative stress develops. Increased production of free radicals may do damage
to proteins, membrane lipids and nucleic acids [7]. Given that the values of the oxidative stress
parameters may significantly change due to the invasion of pathogens, their assessment may be a
useful marker of the efficacy of defence mechanisms [8,9]. It is to be emphasised that there are few
papers on the oxidative profile of bees infected with pathogens [9,10].
The immune system is one of the animals’ most expensive physiological systems to maintain,
especially when food is deficient in proteins [2,11,12], which is extremely frequent in commercially
kept colonies, usually fed on sugar syrup, in contrast to traditional bee colonies fed exclusively on
natural feed [1]. The glucose oxidase (GOX) enzyme is directly connected with diet: colonies which
originate from polyfloral areas have increased activities of GOX in comparison with the bees feeding
on a monofloral diet [11]. Insects have a powerful immune system, which fights against the attack of
various pathogens [13]. GOX was used as a parameter of social immunity [14,15] owing to the fact that
it enables bees to sterilise brood food (honey and bee bread) and the colony itself via the by-product of
GOX, d-gluconic acid and hydrogen peroxide (H2O2) [16–18], although recent findings revealed no
increase in GOX gene expression neither after exposure to the microsporidian and a neonicotinoid
pesticide [14], nor following the challenge with a bacterial pathogen [19].
Nosemosis is a disease of adult bees which is caused by intracellular parasites Nosema apis
Zander, 1909 and N. ceranae Fries, 1996 [20,21]. It has been detected that N. ceranae increases energetic
stress in bees [22,23], has an immunosuppressive effect [24–26] and shortens the life span of infected
bees [10,27,28]. Two trypanosoma species, Lotmaria passim Schwarz, 2014 and Crithidia mellificae
Langridge and McGhee, 1967, have recently been considered to be possible causes of bee decline,
which is why they are to be studied in order to better understand the population dynamics of this
phenomenon [5].
Following the initial description of L. passim [29] and the establishment of molecular methods for
detection and distinguishing between C. mellificae and L. passim, several surveys were accomplished,
which all confirmed the results by Schwarz et al. [29], who claimed that L. passim is the dominant
trypanosomatid species in A. mellifera [5,30–32].
In a retrospective analysis of samples collected in Serbia in a nine-year period (2007–2015),
a high prevalence (60.5%) of coinfection with L. passim and N. ceranae [32] was detected. The relation
between Nosema sp. and L. passim, which parasitise together, has not extensively been investigated.
Stevanovic et al. [32] found that the majority of inspected colonies (60.5%) were coinfected with
L. passim and N. ceranae and Vejnovic et al. [33] revealed similar annual dynamics of L. passim and
N. ceranae infection, as well as a seasonality in the occurrence of these parasites: highest burdens of
N. ceranae and L. passim were detected in winter, and lowest in summer—in July, when the temperature
was highest. Ravoet et al. [34] reported that the possibility of bee colonies dying in winter is highest
when infected with both the trypanosomes and N. ceranae, which is why their synergistic negative
effect is supposed.
Owing to the great scarcity of the data on the differences in the prevalence of certain infections,
oxidative stress parameters and GOX gene expression between bee colonies kept traditionally and those
kept for commercial purposes, this work was aimed at the assessment of (1) oxidative stress parameters
(superoxide dismutase (SOD), catalase (CAT), glutathione S-transferase (GST) and malondialdehyde
(MDA)), (2) GOX) gene expression and (3) endoparasite (microsporidian and trypanosomatid)
prevalence in adult bees in the two types of hives. The comparison of findings obtained in traditional
and those in commercial colonies will provide data which can enable better insight into the influence
of beekeeping type, i.e., beekeepers’ activities on bee health.
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2. Materials and Methods
2.1. Sampling and Sample Preparation
For this study, the same honey bee colonies (both commercial and traditional) as in our previous
study [1] were used. At the same location, in a small geographical region called the Pester plateau
(Figure 1, published in our previous study [1]), which is located in south-western Serbia (43◦16′14′′ N,
19◦59′35′′ E), bees were sampled from 15 apiaries with commercially kept colonies (N = 120) in standard
DB hives and three consisting of traditionally kept colonies (N = 24) in so-called “trmka” hives. In each
apiary, 8 hives were randomly chosen for assessment. In all the 18 apiaries, only stationary beekeeping
was practised. According to the beekeepers’ statements commercially kept colonies were subjected to
anti-varroa treatments as customary—in August and November. In the region of the Pester plateau,
the beekeepers keep 30–50 hives on average. At the end of winter (February–March), the colonies are
inspected and the beekeepers take certain apiculture measures accordingly, e.g., provide their bees
with various feed (sugar syrup, patties and supplements) and with clean flowing water. In the foraging
period (April–August), the major sources of nectar are meadow plants and fruit trees, nothing was
added into the bee colonies. All colonies were wintered with enough honey (15–20 kg per colony).
The queen bees were purchased and were 1–3 years old. By contrast, traditionally kept colonies
had never been provided with additional food, nor treated against varroa infestation, and the royal
succession occurred by natural means [1]. They were located in virtually untouched nature, in the
environment with ample clean mountain water (streams, wells, ponds and morning dew on plants).
The sampling took place in August 2017 (when the colonies were prepared for winter).
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Figure 1. Distribution of the 15 apiaries with commercially kept hives (designated with stars) and 3
apiaries with traditionally kept hives (designated with black dots), from where samples were collected
in the Pester plateau (Serbia) [1].
Samples of sealed brood (area 10 × 10 cm) were taken from each colony and properly packed [35]
to be analysed for the presence of trypanosomatids by PCR method. Samples of adult bees (minimum
140 nurse bees per each hive) were collected with a plastic cup from peripheral brood frames (24 per
colony for analyses of oxidative stress parameters, 60 per colony for the analysis of trypanosomatids
and microsporidia presence and 50 per colony for the determination of the GOX gene expression
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level). Every bee sample was divided into three sterile disposable vials, each containing 24, 60 and
50 bee individuals. Bees intended for oxidative stress parameter analysis were frozen in dry ice and
processed immediately on arrival at the laboratory. Liquid nitrogen was added to frozen samples,
which were then crushed and pulverised in sterile mortars. The Pulver obtained was mixed with a
Tris-HCl buffer (10% w/v) adjusted to pH 7.4. The homogenates were centrifuged at 10,000× g (4 ◦C)
and stored at −80 ◦C until further analysis. Those sampled for pathogen analysis were also frozen
in dry ice, but were stored at −20 ◦C until processing. Bees intended for GOX gene expression level
determination were stored in DNA/RNA Shield (Zymo Research) to protect the gene expression profile.
2.2. Oxidative Stress Parameters
Spectrophotometric determination of the activities of antioxidative enzymes superoxide dismutase
(SOD), catalase (CAT) and glutathione S-transferase (GST), and the concentrations of malondialdehyde
(MDA) were done from pooled samples, each containing 24 bees per colony. The analyses were done
on UV/VIS Spectrophotometer BK-36 S390 (Biobase). CAT activity was estimated by using H2O2 as a
substrate following the method by Aebi [36]. One unit of CAT activity was defined as the amount
that decomposes 1 mol of H2O2 and is expressed as U mg–1 protein. CAT activity was determined
spectrophotometrically at 240 nm, using the extinction coefficient of 43.6 M−1 cm−1. The GST activity
determined according to the method of Habig et al. [37]. GST spectrophotometric assay was monitored
by following the conjugation of reduced glutathione to 1-chloro-2,4-dinitrobenzene at 340 nm during
3 min at 25 ◦C. Enzyme activities were expressed as µmol/min/mg proteins. Superoxide dismutase
activity was measured indirectly by monitoring the degree of inhibition of adrenalin auto-oxidation to
adrenochrome in alkaline medium at 480 nm [38]. The concentration of MDA was estimated according
to the method by Girotti et al. [39], which is based on measurement of the purple colour generated
by the reaction of MDA and TBA complex at 530 nm. The results were expressed as nmol of MDA
produced per mg protein using molar extinction coefficient 1.56 × 10−5/mol/cm. The concentration of
protein in homogenates was determined by the Bradford [40] method and BSA was used to construct
the calibration curve.
2.3. Detection and Species Identification of Trypanosomatids and Microsporidians
In order to detect trypanosomatids (Lotmaria passim/Crithidia mellificae) and microsporidians
(Nosema ceranae/apis), their DNA was extracted with DNeasy Plant Mini Extraction Kit (Qiagen, Hilden,
Germany) from pooled samples containing at least 30 pupae per colony (contained in sampled 10 ×
10 cm piece of sealed brood) and pooled samples containing 60 adult bees per colony (N = 144 colonies;
120 commercial and 24 traditional). The detection and determination of Nosema species were carried
out by a duplex PCR method using primers (Table 1) and the protocol by Martín-Hernández et al. [41].
The 25 µL PCR reaction mixture contained 1× PCR buffer, 0.4 mM of each dNTP, 3 mM MgCl2, 0.5 U of
Taq polymerase (all by KapaBiosystems), 0.4 µM of each primer (Invitrogen), 0.2 mg/mL bovine serum
albumin (New England Biolabs) and 5 µL of template DNA.
The thermocycler program consisted of 94 ◦C for 2 min, followed by 10 cycles of 15 s at 94 ◦C, 30 s
at 61.8 ◦C and 45 s at 72 ◦C, 20 cycles of 15 s at 94 ◦C, 30 s at 61.8 ◦C and 50 s at 72 ◦C plus an additional
5 s of elongation for each successive cycle, and a final extension step at 72 ◦C for 7 min. For detection
and identification of trypanosome species, primers (Table 1) and PCR protocol by Stevanovic et al. [32]
were used. Briefly, PCRs were performed in 20 µL volumes containing 1× PCR buffer, 200 µM dNTP,
0.5 mM MgCl2, 0.5 U of Taq polymerase (all produced by KapaBiosystems), 0.3 µM of each primer and
1 µL of template DNA. The PCR parameters were: 2 min at 95 ◦C, 40 cycles of 30 s at 95 ◦C, 30 s at
55 ◦C (for L. passim) or 59 ◦C (for C. mellificae) and 20 s at 72 ◦C, terminated with 2 min at 72 ◦C.
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Table 1. Primers used in this study.


















GOX_R Glucose oxidase (GOX)
GAGCGAGGTTTCGAATTGGA
GTCGTTCCCCCGAGATTCTT [42]
2.4. Glucose Oxidase (GOX) Gene Expression Analysis
From pooled samples containing 50 bees per colony which were kept in DNA/RNA Shield (Zymo
Research), the total RNA was isolated using Quick-RNA™ MiniPrep (Zymo Research, Irvine, CA,
USA), in accordance with the manufacturer’s instructions. After conversion into cDNA using the
FastGene 55-Scriptase cDNA Synthesis set (Nippon Genetics), in compliance with the manufacturer’s
instructions, real-time PCR amplification was done using SYBR green method with the KAPA SYBR®
FAST qPCR Kit (KAPA Biosystems, Wilmington, MA, USA) in accordance with the manufacturer’s
instructions: reaction mixture (20 µL) contained 1×KAPA SYBR FAST qPCR Master Mix (2×) Universal,
200 nM of each primer, 1 µL (5 ng) of cDNA. Primers by Yang and Cox-Foster [42] are given in Table 1.
The qPCR reactions were carried out in triplicate in “Rotor-Gene Q 5plex” (Qiagen) using following
thermal protocol: 2 min at 95 ◦C, 40 cycles of amplification with 20 s at 95 ◦C, 30 s at 60 ◦C and 80 s at
72 ◦C. The relative quantification was done with the 2−∆Ct method [43] using β-actin as an internal
control gene, for the normalisation of GOX gene expression.
2.5. Statistical Analysis
The statistical analysis was performed with GraphPad Prism version 6 (GraphPad, San Diego,
CA, USA). The data obtained for SOD, CAT, GST, MDA and GOX were tested for normality using
Shapiro–Wilk’s or Kolmogorov–Smirnov’s normality test. Normality was rejected (Shapiro–Wilk’s
test, p < 0.05; Kolmogorov–Smirnov test, p < 0.05), and the differences in the median values of each
enzyme between the two bee groups (commercially and traditionally kept) bees were assessed using
Mann–Whitney U test.
Fisher’s exact test was used to compare differences in the occurrence of pathogens between bee
colonies kept in commercial and in traditional beehives. Significance was estimated at p < 0.05 and
p < 0.01 significance levels.
3. Results
The analysis of oxidative stress parameters detected significant differences between the two groups
of hives—commercially vs. traditionally kept bees. The activities of CAT and GST were significantly
higher (p < 0.01) in commercially kept colonies (Figure 2A,C). By contrast, the activity of SOD was
significantly higher (p < 0.01) in traditional hives (Figure 2B). MDA concentration (Figure 2D) also
significantly differed between commercially and traditionally kept bees, being significantly higher
(p = 0.002) in commercial ones.
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Duplex PCR revealed the presence of N. ceranae (Figure 3) in 61.67% of samples (N = 74) from
commercial hives and in 29.17% of samples (N = 7) originating from traditional ones (Table 2).
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Figure 3. Ethidium-bromide-stained agarose gel showing the results of duplex PCR using primers
321APIS-for/rev and 218MITOC-for/rev for differential diagnostics of N. ceranae/N. apis. L—100 bp
ladder DNA marker; C+ positive N. ceranae control; A+, positive N. apis control; 1–3, tested samples.
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Table 2. Prevalence of N. ceranae and L. passim in commercially and traditionally kept bee colonies
based on PCR detection of the parasites’ DNA.
Bee Parasite Samples
Hives
SignificanceCommercial % (N) Traditional—Trmka % (N)
N. ceranae Adult bees 61.67 (74) 29.17 (7) **
L. passim Bee brood 16.67 (20) 8.33 (2) ns
L. passim Adult bees 50.00 (60) 25.00 (6) *
** Significant at p < 0.01, * p < 0.05, ns p > 0.05 level.
DNA of L. passim (Figure 4) was detected in 16.67% of brood samples (N = 20) and 50.00% of
adult bee samples (N = 60) from colonies kept for commercial purposes (Table 2). In colonies kept
in a traditional way, L. passim was confirmed in 8.33% of brood samples (N = 2) and 25% of adult
bee samples (N = 6; Table 2). Furthermore, all L. passim-positive samples originated from one apiary,
which was located in the vicinity of a commercial one. Neither N. apis nor C. mellificae was found in
any sample irrespectively of their origin and sample type.
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In commercial colonies the occurrence of L. passim in adult bees 50.00% (N = 60) was significantly
higher (p < 0.01) than in the brood 16.67% (N = 20). However, in trmka hives between the occurrence
of L. passim in the samples of bee rood 8.33% (N = 2) and of adult bees 25.00% (N = 6), no significant
difference was detected (Table 3).
Table 3. Comparison of prevalence of L. passim in larvae and adult bees in commercial and traditional
hives (trmka hives).
Samples Positive for L. passim in Commercial
Apiaries—DB Hives
Samples Positive for L. passim in Traditional
Apiaries—Trmka Hives
Bee Brood % (N) Adult Bees % (N) Significance Bee Brood % (N) Adult Bees % (N) Significance
16.67 (20) 50.00 (60) ** 8.33 (2) 25.00 (6) ns
** Significant at p < 0.01, ns p > 0.05 level.
GOX gene expression level (Figure 5) was significantly (p < 0.01) higher in bees originating from
commercial hives (median 0.723 (interquartile range (IQR) 0.092–1.087)), than in those kept in trmka
hives (median 0.008 (IQR: 0.006–0.009)).
Insects 2020, 11, 266 8 of 14
Insects 2020, 11, x FOR PEER REVIEW 8 of 14 
 
GOX gene expression level (Figure 5) was significantly (p < 0.01) higher in bees originating from 
commercial hives (median 0.723 (interquartile range (IQR) 0.092–1.087)), than in those kept in trmka 
hives (median 0.008 (IQR: 0.006–0.009)). 
Figure 5. Glucose oxidase (GOX) gene expression levels: comparison between bees originating from 
commercial hives vs. trmka hives. ** Significant at p < 0.01 level. 
4. Discussion 
In our research two groups of bee colonies were targeted: (1) those kept for commercial 
purposes, in which beekeepers apply all standard beekeeping measures (with the exception of 
migration) in order to achieve maximum productivity, and (2) colonies kept in traditional hives, 
which were provided only with “natural accommodation”, i.e., trmka hives, and which developed 
and maintained on their own, without any human influence, not unlike feral bees. The design of the 
experiment itself enabled the assessment of oxidative stress, endoparasite prevalence and social 
immunity in these two groups. However, neither the influence of the hives themselves (trmka vs. DB) 
nor the management system (commercially managed vs. not managed) could have been cross-
checked given that the structure of the traditional trmka hive (unmovable honeycombs and the 
missing possibility of opening the hive), as well as the organisation of the bee colony, does not enable 
any of the procedures of bee management which is characteristic of commercial hives and any 
manipulation would lead to the killing of the colony in a trmka hive. Undoubtedly, these two factors 
can exert a significant influence on the health status of bees. In future, it is necessary to find out a 
method which can enable the research into the influence of either of the factors taken separately. This 
research is a sequel to a previous scientific work [1] conducted in order to get a better insight into the 
problem of commercial bee colony losses recently noticed worldwide [44,45]. 
The results showed that commercial and traditional colonies significantly differ in the 
parameters of oxidative stress (SOD, CAT, GST and MDA), as well as in the prevalence of N. ceranae 
and L. passim (Figure 2, Tables 2 and 3 Table 2;  Table 3) infections.  
The results of our research revealed significantly higher activities of SOD in traditionally kept 
bees in comparison to commercial colonies. It is known that SOD catalyses the dismutation of 
superoxide radical (O2−) to hydrogen peroxide (H2O2) and is the first-line defence against ROS [46].  
By contrast, in our research significantly higher activity of CAT was measured in commercial 
colonies than in traditional ones. This was possibly the reflection of bees’ response to higher parasite 
burdens (microsporidia and trypanosomes) in commercial colonies, as it was previously detected that 
CAT is part of the immune system and has an important protective role in insects infected with 
intestinal parasites [47]. 
In commercial colonies, a significantly higher GST activity was measured than in traditionally 
kept colonies, probably due to higher pathogen burdens, which is in accordance with the results 
Figure 5. Glucose oxidase (GOX) gene expression levels: comparison between bees originating from
commercial hives vs. trmka hives. ** Significant at p < 0.01 level.
4. Discussion
In our research two groups of bee colonies were targeted: (1) those kept for commercial purposes,
in which beekeepers apply all standard beekeeping measures (with the exception of migration) in order
to achieve maximum productivity, and (2) colonies kept in traditional hives, which were provided
only with “natural ccommodat on”, i.e., trmka hives, a d which developed and maintained on their
own, without any human influence, not unlike feral bees. The design of the experiment itself enabled
the assessment of oxidative stress, endoparasite prevalence and social immunity in these two groups.
However, neither the influence of the hives themselves (trmka vs. DB) nor the management system
(commercially ma aged vs. not ma aged) could have b en cross-checked give that the structure of
the traditional trmka hive (unmovable honeycombs and the missing possibility of opening the hive),
as well as the organisation of the bee colony, does not enable any of the procedures of bee management
which is characteristic of commercial hives and any manipulation would lead to the killing of the
colony in a trmka hive. Undoubtedly, thes two factors can ex rt a significant influence o the health
status of bees. In future, it is necessary to find out a method which can enable the research into the
influence of either of the factors taken separately. This research is a sequel to a previous scientific
work [1] conducted in order to get a better insight into the problem of commercial bee colony losses
recently noticed worldwide [44,45].
The results showed that commercial and traditional colonies significantly differ in the parameters
of oxidative stress (SOD, CAT, GST and MDA), as well as in the prevalence of N. ceranae and L. passim
(Figure 2, Tables 2 and 3) infections.
The results of our research revealed significantly higher a tivities of SOD in traditionally kept bees
in comparison to commercial colonies. It is known that SOD catalyses the dismutation of superoxide
radical (O2−) to hydrogen peroxide (H2O2) and is the first-line defence against ROS [46].
By contrast, in our research significantly higher activity of CAT was measured in commercial
colonies than in traditional ones. This was possibly the reflection of bees’ response to higher parasite
burdens (microsporidia and trypanosomes) in commercial colonies, as it was previously detected
that CAT is part of the immune system and has an important protective role in insects infected with
intestinal parasites [47].
In commercial colonies, a significantly higher GST activity was measured than in traditionally kept
colonies, probably due to higher pathogen burdens, which is in accordance with the results obtained
by Vidau et al. [48] and Dussaubat et al. [10]. Given that both microsporidia and trypanosomes
are gut parasites, the explanation for this phenomenon proposed by Dubovskiy et al. [8] can be
accepted: it claimed that GST is involved in the inactivation of toxic products of lipid peroxidation
that accumulate during gut destruction brought about by these parasites. This is also in line with
our results of MDA analysis, given that this marker of lipid peroxidation in the current work was
significantly higher in commercially kept colonies probably owing to increased lipid peroxidation
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caused by substantially higher pathogen prevalence. Some other authors [8,49,50] have also pointed
to increased lipid peroxidation due to the presence of pathogens in insects. Thus, it is possible
that significantly higher values of oxidative stress parameters (CAT, GST and MDA) in commercial
colonies resulted from higher burdens of parasites. We presume that the cause of both increased
parasite prevalence and stress in commercial colonies is the anthropogenic influence, that is, inadequate
beekeeping practices [12]. This is in line with some previous findings that imbalanced food and different
metabolic demands develop oxidative and energetic stress [23,51–54]. Significantly higher GOX gene
expression in commercially kept colonies than in those kept in trmka hives is an additional finding in
the current research. All colonies, both traditionally and commercially kept, have been situated on
the Pester plateau, live in similar environmental conditions and feed on the same melliferous flora
but commercially kept colonies are overexploited, fed on sugar (given in conditions of scarce natural
forage and for queen forcing) and treated with anti-varroa substances and other, often unregistered
preparations. Although these facts may indicate the beekeeping practice as the reason of worse
condition we documented in commercial vs. traditional hives, we should not exclude different genetic
background of the colonies that might have significantly influenced honey bee health, including
immunocompetence and gene expression, as was already shown by López-Uribe et al. [19,55].
Research into bee brood in our previous work [1] revealed significantly higher pathogen prevalence
(Paenibacillus larvae, Melissococcus plutonius, Ascosphaera apis and sacbrood virus—SBV) in colonies kept
for commercial purposes in comparison to their traditional counterparts. In this work, in commercially
kept colonies higher prevalence of L. passim (in brood and in adult bees) and N. ceranae (in adult bees)
was discovered, but also a significantly higher mRNA level for GOX.
In contrast to commercially kept colonies, the bees in trmka hives were significantly less burdened
with pathogens. Besides, the influence of beekeepers on these was substantially weaker: they were
not given unnatural food (syrups and patties made by beekeepers), were not deprived of honey and
were not treated with veterinary preparations. Rather, they had ample self-made, balanced, natural
food (honey and bee bread) and thus did not need to increase GOX synthesis, probably owing to
established homeostasis as a result of the absence of disturbing effects of beekeepers (beekeeping
procedures), which are inevitable and common in commercial colonies (“sugarisation”, unprofessional
acaricide use and repeated hive inspection, which all disturb bees). Pure sugar (in the form of syrup
or patties), which is frequently given to bees kept for commercial purposes, may induce energetic
and oxidative stress, the expansion of pathogens, exhaustion of bees, their increased mortality and,
frequently, total colony collapse [12].
Bee colonies are frequently apparently healthy—various pathogens may long be present in bees not
causing clinical symptoms [1,56,57]. Epidemiological research revealed a high prevalence of nosemosis
in commercial apiaries worldwide [32,58–61]. In those colonies, imbalanced diet in combination with
other stressors (pathogens and parasites, agropesticides, beekeepers’ manipulations) is a “factor plus”,
which leads to weakening of the colony, immunity suppression, disturbance of the host–parasite
relationship, energetic and oxidative stress, and, eventually, to the disruption of colonies [12,22,62].
In addition to this, chemisation of the environment with agropesticides and excessive administration
of acaricides to commercial hives negatively affect bee health, immunity and behaviour [63–65] and
spoils the quality of bee products [66–70]. In the long term, the use of anti-varroa products disturbs the
host–parasite co-evolution [71].
Significantly (p < 0.01) higher prevalence of N. ceranae infection was detected in samples taken from
commercial hives (61.67%) in comparison to those from traditional colonies (29.17%), but it may only
be assumed that the reason for this was the limited exposure of the latter to anthropogenic influence,
i.e., to beekeepers’ practices (queen replacement and rearing, manipulation with honeycombs and
honeycomb foundations, inadequate feeding and increased disturbance of commercial hives owing to
frequent, usually unnecessary opening of hives and bee inspection), since they encourage the spread
of pathogens.
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In this study, L. passim was detected not only in adult bees, but also in the brood in both
commercial and traditional colonies. The prevalence of L. passim in adult bees (in 50% of commercial
and 25% of traditional colonies) is rather higher than in the USA (16% of commercial and 4% of feral
colonies), according to Williams et al. [5], but significantly lower than in Chile (90%), as claimed by
Arismendi et al. [30]. The prevalence of infection in adult bees in commercial colonies (50%) is similar
to the value obtained in previous research in Serbia (60%), when samples collected in the period from
2007 to 2015 were retrospectively analysed [32]. As for the presence of L. passim in bee brood, this
is the first detection of DNA of L. passim in bee brood, but further investigations are necessary to
determine whether this trypanosome parasitises bee larvae. However, the prevalence of L. passim
is higher in adult bees than in larvae (in commercial colonies even significantly higher, p < 0.01).
Significantly (p < 0.05) lower prevalence of L. passim in colonies kept traditionally in comparison with
those kept for commercial purposes probably results from the absence of beekeeping measures in
the former, which can facilitate the spread of infections. Similar results were obtained by Williams et
al. [5], who compared commercial and feral bee colonies and detected significantly lower prevalence of
L. passim in the latter. In our research, L. passim was found in trmka hives in only one apiary, which
was located in the vicinity of a commercial one, from which the infection might have spread through
the shared use of flowers, as was evidenced for another trypanosomatid parasite, Crithidia bombi [72].
Our results of the high prevalence of L. passim (50.00% in adult bees and 16.00% in brood) and
N. ceranae (61.67%) in commercial colonies are in line with those obtained by Stevanovic et al. [32],
who diagnosed co-infections with both parasites in 60.5% of colonies surveyed over the nine-year
period (2005–2017). These results suggest that there is a possibility of connection existing between the
two gut parasites, L. passim and N. ceranae, but hitherto only a significant positive correlation between
their infection levels, similar annual dynamics and seasonality has been detected [33]. Given that it is
now a mere hypothesis, it is yet to be determined if they act synergistically on bees, having in mind
the possibility that colonies succumb to winter losses is higher when coinfected with N. ceranae and
trypanosomes [31].
5. Conclusions
In summary, in comparison to traditionally kept colonies, commercially kept ones had higher
oxidative stress and higher prevalence of N. ceranae and L. passim. However, to decide if it is a reflection
of their reaction to stressors and efforts to mitigate the negative anthropogenic factors, more detailed
studies are needed.
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